This study investigates the difference in audibility of an approaching conventional car with internal combustion engine and an electric car at various velocities. The goal was to compare the risk that pedestrians do not hear the approaching car in time. Binaural recordings of each of these approaching cars were presented together with either a traffic noise masker or a pink noise masker. In the first detection experiment, the threshold level was determined for which the cars could just be detected. In a second reaction time experiment, the moment was determined at which the approaching car was first detectable. This measured reaction time should give an indication about how much time a person has to evade an impending collision. Results indicated that slowly approaching electric cars where less audible than cars with a conventional engine. The results also showed that the decrement of reaction times as a function of SNR was halved when pink noise was used instead of traffic noise. A psycho-acoustic masking model [Dau et. al. (1996) , J. Acoust. Soc. Am. 99, 3615 -3622] was applied to predict detection thresholds and showed good correspondence with the subjective data.
INTRODUCTION
With the introduction of electric cars, new acoustical conditions arise. An important aspect is that electric engines produce significantly lower noise levels than conventional combustion engines. This has consequences both in the interior of the car, but also for the audibility outside the car. Specifically the latter factor has the potential implication that pedestrians will have more difficulties hearing an approaching electric car in comparison to a conventional combustion engine car. This can create an extra risk for pedestrians to notice an approaching car too late.
This observation has given rise to discussions to implement extra sound sources to an electric car to improve the audibility. Currently, initiatives are running to make this a legislative requirement for electric cars, e.g. the US Senate approved the Pedestrian Safety Enhancement Act of 2010, in January 2013 (Bird, 2010) which led the National Highway Traffic Safety Administration in the US to published a proposed rule that requires cars that travel under 18 mph to have extra noise sources to enhance audibility. Similar initiatives are running in Japan.
The engine of a car is only one of the noise sources present in a car, in addition, with increasing velocity, tire noise and wind noise has an increasingly larger contribution to the total noise level. For this reason, the expectation is that specifically at low speeds an electrical car is considerably less audible than a conventional car (Van Basshuysen and Schaefer; 2005) .
Thus the question of audibility of electric cars at various velocities is a relevant one. In this context it is important to consider audibility in the presence of background noise sources that have the potential to mask the approaching car. Without the presence of such background noise, the audibility of approaching cars would be considerably better.
In a first experiment we will determine the detection thresholds of electric and conventional cars in background noise. These thresholds will be presented in comparison to the real measured level of a car. Two cars were used which are comparable in size, the conventional combustion engine car was a Mitsubishi Colt 1.1, the electric car was a Mitsubishi i-MiEV.
Since both energetic masking and information masking may be a factor in the audibility of cars, two different background noise types will be used. To determine the audibility based on pure energetic masking, a pink noise background noise is used. For a more realistic determination of audibility of these cars, binaural traffic noise was recorded in the city of Oldenburg. Such noise will be spectrally more representative of general conditions under which vehicles need to be heard. In addition, traffic noise consists of sounds of other vehicles that will have similar characteristics as the conventional car. In our experiment the cars in the background were at a considerably larger distance than the cars under test.
As described above, a reduced audibility may create the risk that an approaching car is noticed too late to evade it. Audibility as such may not be a good indicator of the ability of pedestrians to evade an approaching car in time. More important is to know at what time point in the approach, a pedestrian would be able to hear the car because this will determine how much time this person has left to make an evasive movement. Therefore in a second experiment response times were measured of approaching cars.
As already noted, it is considered to add extra sound sources in order to improve the audibility of electric cars. A critical issue will be whether these will be audible. It will be important to only add sound sources at levels that are sufficient, but not more than that, because it is desirable to keep general noise levels in traffic as low as possible. For the development of such extra sound sources, perceptual masking models may help during the sound design process to reach the proper level of audibility. For this reason, as a third part of this research, we will evaluate the perceptual masking model of Dau et al. (1996) as a means to predict the audibility of car sounds in comparison to subjective data.
STIMULUS GENERATION AND RECORDING
Binaural recordings were made of the electric car and the conventional car when it was passing by on a quiet street in a rural area. The dummy head (Head Acoustics, HMSII.2) was placed at 2 meters away from cars trajectory and facing in the direction perpendicular to the trajectory of the car. The cars were moving at various constant speeds: 10, 20, 30, and 50 km/h. The cars moved at a constant speed over an interval of approximately 100 m centered around the recording position. The point of passing by was determined by according to the ISO standard (362-1).
As a masker, two types of noise were used; pink noise, and traffic noise recorded in the city of Oldenburg. The pink noise had a frequency range of 20 Hz -20 kHz and was reproduced at 67 dB(A) SPL (maximum level). The noise was independent between the two ears.
The traffic noise was recorded with the same dummy head at a distance of 50 meter away from the nearest street and 70 meters away from a high way. Since the traffic noise recording exhibited considerable variation in the momentary level, depending on the proximity of moving cars at each moment, the traffic noise recording was delayed and mixed with itself such that five copies were combined. The traffic noise was played back at an average level of 67 dB(A) SPL. The spectrum of the traffic noise in comparison to pink noise is shown in Fig. 1 . Figure 1 , the spectra of a pink-noise masker and of a traffic-noise masker are shown. Traffic noise was recorded at a distance of 50 meter away from the nearest street and 70 meters away from a high way.
DETECTION EXPERIMENT
This first experiment measures detection thresholds for the two types of cars that are passing by in the presence of the two different types of background noise, pink noise and traffic noise. For this purpose an adaptive staircase method is used where the level of the car is adjusted until it reaches the detection threshold. The background noise and the car recording are simply mixed together with the proper levels and had duration of 10 (s). In case traffic noise was used as a masker, the subjects were purely listening to binaural recordings of the car that is passing by, and the traffic noise, simulating a realistic acoustical scenery. A further parameter that varied was the speed at which the cars were passing by.
The threshold measurement was done with a 1-interval forced choice paradigm. In 50 % of the intervals the passing car was mixed with background noise, and in 50 % of the intervals, only the background noise was presented. For each interval, a different section of the background noise was selected randomly to avoid that subjects could exactly learn all details of the background noise. Subjects had the task to determine whether a passing car was added to the background noise. After the response of the subject, feedback was given about the correctness of the response.
Based on the correctness of the response the level of the passing car was adjusted. After each 3 rd correct answer, the level was reduced, after each incorrect answer, the level was increased. In the beginning of each threshold measurement, step sizes were 8 dB, which was halved each time when the level track turned from upwards to downwards, until a step size of 1 dB was reached. The measurement continued for another 8 reversals of the level track. The level of these last 8 reversal points was used to calculate a median threshold. 
In Fig. 2 , results are shown as a function of passing speed. Thresholds are shown together with the true levels of the passing car such as it was measured by the artificial head. As can be seen in the leftmost panel showing results for a pink noise masker and the conventional car (Colt) driving at speeds of 10 or 20 km/h, the car was detectable only at SPLs that clearly exceeded the true SPL. Only at speeds of 30 and 50 km/h, the car would have been audible at its true SPL. The pink noise masker spectrum may not be representative of realistic traffic noise in which these cars would normally be heard.
Therefore, the second panel shows results with traffic noise. In this case at low driving speeds (10 and 20 km/h) detection thresholds are comparable with the true SPLs of the cars. It is a relevant question of course, whether the cars would be heard in time by a pedestrian to make an evasive movement. For the higher driving speeds (30 and 50 km/h) detection thresholds are lower than the true SPLs and thus it can be concluded that the cars would be well audible in these conditions.
The two right most panels of Fig. 2 show similar results only now for the electrical car (i-MiEV). With pink noise, thresholds are clearly above the true SPLs of the car up to a speed of 30 km/h, and in these conditions the car can be assumed to be inaudible. Only for a speed of 50 km/h these cars would be audible. Using traffic noise (right most panel), a similar picture arise, only at a speed of 20 km/h detection threshold and true SPL are closer to one another than for pink noise maskers. For comparison, the detectability of the conventional car (Colt) was more favorable in case of traffic noise maskers. It is also interesting to see that there was a very large variability for the electric car thresholds in traffic noise. Possibly, the characteristics of the electric car did not stand out as a clearly recognizable noise that could be discriminated from the traffic noise. For pink noise the situation may have been easier because this noise is very constant and any disturbance of this constancy would be a cue for the subjects to detect the presence of the electric car.
REACTION TIME EXPERIMENT
Although the previous detection experiment provides information about the audibility of the two types of cars in background noise, from these data it is unclear whether the pedestrian would notice the car in time to evade a collision. For this reason a second experiment is conducted that aims to measure the reaction time of the listener needed to detect the approaching car. Reaction times were measured for stimuli with increasing level by Kerber, (2008) and found to be about 0.56 s.
In this experiment, background noise was presented once over a duration of 10 (s) as in the previous experiment. At a random point in time, the approaching car was mixed in the background noise such that the moment of passing by was between 7.5 and 9.5 (s). The level at which the passing cars were mixed was 6, 12, 18, and 24 dB above the median detection thresholds that were measured in the previous experiment. These levels were chosen in order to be sure that the cars were presented at a level where they would be audible in principle. Later on data will be interpolated in order to infer the reaction time at the true level of the passing cars. Subjects were instructed to press a key as soon as they noticed the approaching car. For each condition, the reaction time was measured three times,.
Some trials were presented where no car was passing by at all. These so-called catch trials were presented in 20 % of the trials to try to prevent that subjects would give a response based purely on the expectation that a car is passing by anyway, independent of whether it is audible or not. When subject responded for trials without approaching car, they were informed about their fault.
In Fig. 3 results are shown for the reaction time measurements. The reaction times for each level that was presented was interpolated to be able to read out what the reaction time is at the true level of the passing car. A negative value indicates that the car is heard before it passes by, a positive number indicates that the car is heard after the car is passing by, i.e. too late to evade it. As can be seen, for a pink noise masker (left panel) the conventional car (indicated with C10 .. C50) can be heard well ahead of time at a speed of 10 and 50 km/h. For none of the speeds, the electric car can be heard in time. For traffic noise maskers, shown in the right panel, only the conventional car is audible for a 50 km/h speed about 1 second ahead of time. From the data it is clear that also the conventional car is not always audible. At least in the traffic noise that was used in these experiments, the conventional car would only possibly be heard in time when it has a speed of 50 km/h. The electric car would never be detected in time. Since we do not exactly know how much time is needed to be able to evade a car, we are not sure whether 1 second is enough margin.
The latter result indicating that the two types of cars differ in audibility at higher speeds is somewhat surprising because at higher speeds the contribution of the engine noise should become increasingly less important. Thus this result may be an effect of other differences between the two cars not related to the engine type. (e.g. different tires)
All in all, these results show that for the traffic noise levels, 67 dB A in this case, also conventional cars would be difficult to detect in time.
AUDITORY MODELING
When extra warning sounds are included on an electric car to make it better audible, a good balance needs to be found between audibility, and an acceptable noise level. Therefore, in the design process, it may be worthwhile to use an auditory model to predict the audibility. In this study we used the model of Dau et. al. (1996) to predict the discriminability between background noise alone and background noise plus a passing target.
This model bases its predictions on a template of the (model) internal representation of the masker alone and of the masker plus target. For an unknown interval that is presented to the model, the internal representation is compared to these templates and a decision variable is derived which is indicative of the likelihood that the target was present in this interval. In order to avoid that a criterion value needed to be estimated for the 1-IFC presentation that was used the detection experiment, for the modeling we used a 2-IFC paradigm. The interval that resulted in the highest value of the decision variable was selected as the target interval. Including the model in the same adaptive tracking procedure as used for measuring the detection thresholds, masked thresholds were estimated. 
Model-thresholds
The model of Dau et al., (1996) , normally includes an internal noise source to limit detection performance to a perceptually realistic value. Besides internal noise, also the variability in the presented stimuli can limit performance, this is termed external noise. No internal noise was used in the model such as we used it here, thus external noise was the only limiting factor that determined threshold values.
The model predictions are shown together with the data of the detection experiment in Fig. 4 . The general pattern of the detection thresholds is predicted well by the model. The two masker types vary considerably in their variability; the pink noise has a fairly constant spectrum, while the traffic noise varies substantially over time. For the latter type of noise the average template internal representations in the model are substantially limited. This is expected to result in extra variability in the decision variable which would affect predicted detection thresholds. The listeners in our experiments will be affected by the presence of other cars in the traffic noise which may be confused with the target car sound. Apparently, the template method used in the model of Dau et al., 1996 , provides a reasonable estimate of this effect. 
DISCUSSION AND CONCLUSIONS
In this study the audibility of conventional combustion engine cars is compared to the electrical cars. A detection experiment showed that at low speeds, when presented in traffic noise, a conventional car is better detectable than an electric car. This confirms prior expectations that at low speeds the absence of engine noise for the electric car substantially reduces noise levels for such cars, while at higher speeds, tire and wind noise will generate a more substantial part of the overall noise produced by the car.
Besides audibility, also reaction times were measured for detecting the approaching car. This is of relevance for estimating whether a person has enough time to evade an approaching car. The results with the traffic noise such as we have recorded it for this study show that for low speeds for both types of car the approach would not be heard in time to evade a collision. Only for higher speeds the conventional car would be detected in time.
Applying the auditory model of Dau et al. (1996) showed that it is possible to predict detection thresholds fairly well. This indicates that in the design of extra warning sounds, such auditory models may be used as a tool to verify the effectiveness of such warning sounds. 
